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ABSTRACT
We propose a speculative scenario where dynamo amplification of magnetic fields in the core convective
shells of massive stars, tens of years to hours before they explode, leads to envelope expansion and enhanced
mass loss rate, resulting in pre-explosion outbursts (PEOs). The convective luminosity in the burning shells
of carbon, neon, oxygen, and then silicon, are very high. Based on the behavior of active main sequence stars
we speculate that the convective shells can trigger magnetic activity with a power of about 0.001 times the
convective luminosity. Magnetic flux tubes might buoy outward, and deposit their energy in the outer parts
of the envelope. This in turn might lead to the expansion of the envelope and to an enhanced mass loss rate.
If a close binary companion is present, mass transfer might take place and lead to an energetic outburst. The
magnetic activity requires minimum core rotation and that the stochastic magnetic activity be on its high phase.
Only in rare cases these conditions are met, accounting for that only the minority of core collapse supernovae
(CCSNe) experience PEO. Such a pre-explosion magnetic activity might have implications for the explosion
mechanism itself.
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1. INTRODUCTION
The progenitors of some core collapse supernovae (CC-
SNe) experience one or more pre-explosion outbursts (PEOs)
that are accompanied by high mass loss rate episodes.
These might take place tens of years prior to explosion,
to only days prior to explosion (e.g., Foley et al. 2007;
Pastorello et al. 2007; Smith et al. 2010; Mauerhan et al.
2013; Ofek et al. 2013; Pastorello et al. 2013; Margutti et al.
2014; Ofek et al. 2014; Svirski & Nakar 2014; Margutti et al.
2016; Tartaglia et al. 2016). In some of these objects the PEO
is a major outburst of a luminous blue variable (LBV), e.g.,
like the several outbursts in SN 2009ip (Smith et al. 2010). In
some cases the enhanced mass loss rate episode should occur
as early as the core carbon-burning phase (e.g., Moriya et al.
2014; Margutti et al. 2016). Standard stellar evolution models
do not account for PEOs.
There is an open question (e.g., Levesque et al. 2014;
Margutti et al. 2016) on whether the PEOs and the LBV ma-
jor eruptions involve some kind of a binary interaction (e.g.,
Kashi & Soker 2010; Soker 2013; Mcley & Soker 2014), or
whether these are driven by single-star processes (e.g., Shaviv
2000, 2001; Owocki et al. 2004; Quataert et al. 2016; Moriya
2014). Of course, there is the possibility that some PEOs are
driven by binary interaction and some PEOs are driven by sin-
gle star mechanisms. Even models that are based on some
binary interaction (e.g., Soker & Kashi 2013) might require
that the exploding star, the primary star, experiences an un-
stable phase prior to explosion. Such can be triggered by the
last stages of the nuclear burning. Although most of the en-
ergy released in the burning is carried by neutrinos, and hence
does not affect the stellar structure, there is a vigorous convec-
tion in the core. Nuclear burning processes of carbon, neon,
oxygen, and then silicon occur hundreds of years, for carbon
burning, to hours, for silicon burning, before the explosion of
CCSNe.
Several mechanisms for PEOs have been proposed. First
there is the fifty years old pair-instability mechanism
(Rakavy & Shaviv 1967; Barkat et al. 1967) that can lead to
a huge mass loss before explosion (e.g., Chen et al. 2014).
Another mechanism might result from radiation-driven insta-
bilities (e.g., Blaes & Socrates 2003), that might take place
in LBV stars (e.g., Kiriakidis et al. 1993). Smith & Arnett
(2014) raise the possibility that hydrodynamic instabilities
resulting from turbulent convection in the nuclear burning
phases before explosion might cause enhanced mass loss,
and/or might cause the star to swell and to interact with a bi-
nary companion (as suggested earlier by, e.g., Soker 2013).
Quataert & Shiode (2012) and Shiode & Quataert (2014)
propose that the convection in the core during the last
stages of nuclear burning excites g-waves that can carry non-
negligible amount of energy outward. The waves turn to p-
waves in the envelope, and deposit most of their energy in
the outer layers of the envelope. Quataert & Shiode (2012)
and Shiode & Quataert (2014) further argue that although the
waves carry a small fraction of the energy released by the
nuclear burning, this amount of energy is sufficient to sub-
stantially increase the mass loss rate from the star. The p-
wave luminosity can be super-Eddington (Quataert & Shiode
2012), and the energy dissipation leads to ejection of the
outer layers of the envelope, or to expansion of the envelope
(Shiode & Quataert 2014). Shiode & Quataert (2014) esti-
mate that ≈ 20% of the SN progenitors can excite 1046 −
1048 erg of energy in waves. These waves might drive mass
loss within a few months to a decade of core collapse.
Soker (2013) on the other hand suggests that the p-waves
lead to a large and rapid envelope expansion rather than to
a large mass loss episode. A binary companion then inter-
acts with the expanded envelope. Mass accreted onto the sec-
ondary star can release further energy, and account for high
velocity gas. Mcley & Soker (2014) further develop this sce-
nario. Using the stellar evolutionary code MESA they show
that energy deposited to the envelope is likely to lead to its
expansion rather than to large mass ejection.
In general, the energy delivered to the envelope can act in
several ways to enhance mass loss rate and to cause an out-
burst (e.g., Mcley & Soker 2014). The delivered energy can
be dissipated in the envelope, e.g., if g-waves excited in the
2core are turned to sound waves that are dissipated in the enve-
lope. This increases the luminosity of the star. Luminosity by
itself can increase the mass loss rate by radiation pressure on
ions, molecules or dust. If convection cannot remove the extra
thermal energy, the envelope expands. With a lower gravity
on the surface, the mass loss rate is expected to be higher.
Another effect is the direct pressure increase in the envelope
caused by expanding waves (wave pressure). This can lead to
a rapid expansion of the envelope, again leading to enhanced
mass loss rate. Finally, in the case of the presence of a close
stellar companion, the expansion of the envelope might lead
to a strong and violent binary interaction. The companion
might form a common envelope, and/or it can accrete mass
and release energy. In both cases large amounts of gravita-
tional energy can lead to a strong outburst with a substantially
enhanced mass loss rate.
The model for PEOs must involve an ingredient that is rel-
atively rare, about one in ten CCSNe (e.g., Margutti et al.
2016). We know that at least the progenitor of SN 1987A, for
example, did not experience such a phase within years before
explosion. In the present study we speculate that magnetic ac-
tivity in the core has the required properties of delivering en-
ergy from the core to the envelope, and be limited to a small
fraction of all CCSNe. In section 2 we outline a phenomeno-
logical scenario for dynamo activity. Based on the behavior
of main sequence stars we speculate that strong magnetic ac-
tivity requires core rotation and even then might be stochastic.
This explains the rare occurrence of such cases. In section 3
we present pre-explosion stellar models emphasizing the rel-
evant convective shells. In section 4 we follow the evolution
of magnetic flux tubes, and the way they can influence the
envelope. We summarize in section 5
2. CORE DYNAMO
The development of a dynamo model for the core of pre-
exploding stars is beyond the scope of this paper. We simply
infer from main sequence stars, and make the following as-
sumptions.
(1) Dynamo in convective shells. In low mass main se-
quence stars, such as the sun, magnetic field amplification
takes place in the convective envelope, mainly in the lower
boundary of the convective zone. Magnetic field lines are con-
centrated there (e.g., Kitchatinov & Nepomnyashchikh 2016)
and lead to the formation of magnetic flux tubes. We assume
that magnetic activity takes place at the bottom of convective
shells in the core.
(2) Magnetic activity power. In active main sequence stars
the X-ray luminosity reaches a value of LX ≃ 0.001Lbol,
where Lbol is the bolometric luminosity of the star (e.g.,
Pizzolato et al. 2003). The X-ray emission results from mag-
netic activity above the stellar photosphere. In such stars the
convection carries the entire energy in the outer part of the
envelope, such that the convective luminosity (see section 3)
is Lconv ≈ Lbol ≈ 103Lx ≈ 103LB . The X-ray power is
about equal to the magnetic power of the star, LX ≈ LB , that
in turn results from the convection. We assume that the mag-
netic activity in convective shells in the core of pre-exploding
stars obeys a similar crude ratio between LB and Lconv, and
can reach a power of up to LB ≈ 0.001Lconv. This condi-
tion is met only in a small fraction of all stars, probably those
where the core has some minimum value of angular velocity.
As Shiode & Quataert (2014) have Lwave ≈ 0.01Lconv, un-
der the assumptions we make here, the magnetic power of the
core can reach a value of LB ≈ 0.1Lwave.
(3) Buoyancy of magnetic flux tubes. We assume that mag-
netic flux tubes buoy to the envelope. This is treated in section
4.
(4) Envelope expansion. Upon deposition of sufficient en-
ergy to the envelope by the magnetic flux tubes, the star ex-
pands and interacts with a binary companion, or the mass loss
rate simply increases (Harpaz & Soker 2009). The envelope
expansion is caused by the pressure inside the magnetic flux
tubes (they simply occupy a volume), and by dissipation of
magnetic energy that increases the thermal energy of the en-
velope. Mass loss then increases either by the higher lumi-
nosity and larger radius of the star (hence lower gravity), or
by an interaction with a close companion (if present) that can
deposit more energy by spiraling-in or by accreting mass from
the envelope.
The assumption that the dynamo in pre-explosion massive
stars is similar to that of main sequence star is a very strong
assumption. Moreover, we assume that the dynamo in the
core of massive stars behaves as the dynamo in the envelope
of main sequence stars. This strong assumption will have to
be examined in future studies. We do not have the tools to ex-
amine this assumption. At this point we make this assumption
based on a general view that there is something generic and
universal in the operation of dynamos in rotating-convective
(or turbulent) bodies, from stars to accretion disks, to galaxies
(e.g. Blackman & Field 2000; Vishniac & Cho 2001). Note
that since in massive stars the dynamo activity takes place in
the core, the manifestation of the energy will not be in mag-
netic flares and X-ray emission as in main sequence stars, but
rather we expect that the energy be deposited inside the enve-
lope. Therefore, the observed low X-ray luminosity of LBV
stars (e.g. Naze´ et al. 2012), does not contradict our assump-
tion of strong dynamo activity in rapidly rotating cores.
Harpaz & Soker (2009) suggest that LBV major eruptions,
such as the 1837-1856 Great Eruption of η Carinae, might
be triggered by magnetic activity cycles. They suggest that a
strong magnetic field region can be built in the radiative zone
below an outer convective region and above the convective
core of an evolved LBV massive star. This magnetic energy,
they speculate, might trigger major eruptions of some LBV
stars. The eruption will be particularly strong if the star inter-
acts with a binary companion, as in the Great Eruption of η
Carinae. We here consider more evolved stars, with more vig-
orous core convection, and the triggering of PEOs. In cases of
eruptive mass loss events, our scenario requires a companion
to interact with the expanded envelope. The presently pro-
posed scenario, therefore, connects PEOs to major LBV out-
bursts that occur a century or more before eruptions, such as
the Great Eruption of η Carinae; both types are proposed to
be triggered by magnetic activity.
3. STELLAR MODELS
We evolve two stellar models to derive some quantities to
be used in the next section, using Modules for Experiments in
Stellar Astrophysics (MESA version 7624; Paxton et al. 2011,
2013, 2015). Our models have a metallicity of Z = 0.014,
and zero-age main sequence (ZAMS) masses of MZAMS =
15M⊙ and MZAMS = 25M⊙. The initial luminosity and
effective surface temperature are LZAMS = 1.9 × 104L⊙
and TZAMS = 3.1 × 104 K, respectively, for the MZAMS =
15M⊙ model, and LZAMS = 7.5 × 104L⊙ and TZAMS =
3.8 × 104 K for the MZAMS = 25M⊙ model. Convection is
treated according to the Mixing-Length Theory with αMLT =
1.5. Rotation is treated using the ‘shellular approximation’
3(Meynet & Maeder 1997), which assumes a constant angular
velocity Ω in isobaric shells. The initial rotation is set as 0.1
of the breakup rotation, which corresponds to an equatorial
surface velocity of vZAMS ≈ 70 km s−1. Mass loss during
the main sequence phase is treated according to the results of
Vink et al. (2001). During the giant phase, the mass loss de-
pends on the surface luminosity and temperature according to
the fit of de Jager et al. (1988). The mass loss rate is enhanced
by rotation (e.g., Heger et al. 2000; Maeder & Meynet 2000).
The resulting pre-collapse masses are Mcollapse = 12.3M⊙
for the MZAMS = 15M⊙ model, and Mcollapse = 11.1M⊙
for the MZAMS = 25M⊙ model. While the model with
an initially larger mass is lighter at late evolutionary stages
(because of intensive mass loss), it has a helium core mass
of Mcore = 10.1M⊙ compared to Mcore = 4.9M⊙ for the
MZAMS = 15M⊙ model. Rotationally-driven mixing and an-
gular momentum transport are accounted for, as described by
Paxton et al. (2013). The Spruit-Tayler dynamo (Spruit 2002)
is included in our models, effectively transporting angular
momentum from the core outward, resulting in late-stage core
rotation periods of hundreds to thousands of seconds. The de-
tailed compositions of our models at oxygen shell burning are
presented in Figure 1, and the corresponding pressure scale
height and density profiles are shown in Figure 2.
Most important for the dynamo activity is the core rotation
profile and the convective zones. The rotation serves as the
parameters that determines whether a magnetic activity takes
place or not. This is the ingredient that makes the PEO a rare
phenomena. The basic assumption is that rapid rotation that
leads to strong dynamo activity is caused by a stellar compan-
ion that merges with the core. This is a rare event. We here
do not model this spin-up process of the core. The residual
rotation in the simulated models is of no importance here be-
cause it is very small. We concentrate here on the convective
zones. Most significant are the velocities and Mach numbers
of the convection cells, that are given according to the Mixing-
Length Theory. These are presented in Figure 3 and Figure 4
for models with ZAMS masses of 15M⊙ and 25M⊙, respec-
tively, and at several stages of evolution. Also presented is
the convective luminosity at different stages. The convective
luminosity is defined as
Lconv ≡ 4pir
2ρv3conv, (1)
where r is the shell radius, ρ is the gas density, and vconv is the
convective velocity according to the Mixing-Length Theory.
The efficiency of the dynamo as operates in main sequence
stars increases with decreasing value of the Rossby number,
defined as the ratio of rotation period, Prot, to the convec-
tive overturn time, τc, which is the mixing length divided by
the convective velocity. To have a strong magnetic activity
from dynamo amplification of magnetic fields, the Rossby
number should be smaller than 1, and preferentially to be
Ro ≡ (Prot/τc) . 0.1 (e.g., Pizzolato et al. 2003). In our
stellar models the Rossby number is Ro ≈ 10 in the regions
of interest, so that the core rotation rate needs to be higher by
a factor of 10 − 100 for an efficient dynamo. Such fast pre-
collapse rotations require a stellar binary companion to spin-
up the core, most likely through a merger of the companion
with the core. In the present study we focus on the convective
luminosity of inner shells, and the study of the conditions for
getting the required core rotation is deferred to future works.
4. STELLAR EXPANSION
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FIG. 1.— Detailed core composition at late stages of oxygen shell burn-
ing, for our MZAMS = 15M⊙ model (top) and MZAMS = 25M⊙
model (bottom). The stellar mass, stellar radius, effective temperature,
and luminosity, of the two models at the times shown just before col-
lapse are (M,R, Teff , L)collpase = (12.3M⊙, 1065R⊙, 3167 K, 1.03 ×
105L⊙) for the MZAMS = 15M⊙ model, and (M,R, Teff , L)collpase =
(11.1M⊙, 500R⊙, 5919 K, 2.76 × 105L⊙) for the MZAMS = 25M⊙
model. The solid blue lines show the enclosed mass as function of radial co-
ordinate. The region shown extends from r = 107.5 cm to r = 1010.5 cm.
In this section we try to estimate the influence of the
buoyantly-rising magnetic flux tubes on the envelope. There
are two kinds of drag force that act on a rising flux tube. The
first one acts only in convective regions and is due to the force
exerted by the motion of convective cells. It imposes a min-
imum value on the magnetic field for the flux tube to move
upward (e.g., Fan 2009b; eq. 29 there). Here we assume that
the magnetic flux tube obeys this condition, and rises up at
a velocity of the order of magnitude of the convective veloc-
ity (as in the sun, e.g., Fan 2009a). The typical velocity of
convective cells is vconv(r) & 0.001cs(r), where cs(r) is the
local sound speed. In the inner burning shells, carbon burning
and inward, vconv & 3 km s−1 (see Fig. 3 and Fig. 4). This
implies that the flux tube crosses the convective shell where
it forms inside the core in a time of t1 ≈ r1/vconv ≈ 1 hour.
This time is very short compared with the pre-explosion time
of mass loss, and can be neglected.
We assume that after the flux tube exits the convective shell
in the core, where it has been formed, its velocity rises much
above that of the convective velocity. The terminal velocity
of the flux tube is derived from balancing the buoyancy force
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FIG. 2.— Top: Density profile in the region between r = 107.5 cm to
r = 1010.5 cm for our two stellar models at late stages of oxygen shell
burning. Bottom: The pressure scale height for our stellar models.
with the drag force acting on the rising flux tube. The termi-
nal velocity of a cylindrical flux tube rising with its long axis
being horizontal is given by (e.g., Parker 1975)
vtube ≃
(
PB
P∗
)1/2 (
a
HP
)1/2 (
pi
γCD
)1/2
cs, (2)
where a is the radius of the cross section of the flux tube,
PB is the magnetic pressure inside the flux tube, P∗(r) is the
pressure in the star at the location of the tube, CD ≈ 1 is
the drag coefficient, γ is the adiabatic index, and HP is the
pressure scale height.
The magnetic energy generated in the core is assumed to
be transported by many flux tubes, much as the process in the
sun is. Consider several flux tubes crossing radius r at a speed
vtube and covering an area η4pir2 on the spherical sphere of
radius r. The magnetic power is given by
LB≈ ηPB4pir
2vtube
≈ η
(
PB
P∗
)3/2 (
a
HP
)1/2 (
pi
γ3CD
)1/2
Lmax,conv,(3)
where in the second equality we multiply by ρc2s/(γP∗) = 1,
and
Lmax,conv = 4piρr
2c3s, (4)
is the maximum power that subsonic convection can carry
(Quataert & Shiode 2012). The radius rd (marked rss by
Shiode & Quataert 2014) is where subsonic convection is
unable to carry the outgoing wave energy, i.e Lwave >
Lmax,conv(rd). According to Quataert & Shiode (2012), the
inability of subsonic convection to carry the outgoing wave
energy implies that the wave power will inevitably drive an
outflow. The quantity Lmax,conv(r) decreases very steeply
with radius (Shiode & Quataert 2014). Therefore, even if the
magnetic power is smaller than the waves-power considered
by Shiode & Quataert (2014), LB ≈ 0.1Lwave, we have at the
radius rd considered by them(
PB
P∗
)3/2
≈ 0.1η−1
LB
0.1Lwave
(
HP
a
)1/2 (
γ3CD
pi
)1/2
.(5)
Since η < 1, and likely η < 0.5, a . HP , and withCD = 1
and γ = 5/3 the last term in equation (5) is 1.2, the right hand
side of equation (5) can be written as ≈ 1(LB/0.1Lwave).
TakingLB ≈ 0.1Lwave (section 2), we find that the right hand
side of equation (5) is about equal to 1 in the outer region
where the waves in the model of Quataert & Shiode (2012)
and Shiode & Quataert (2014) are strongly dissipated and as-
sumed to eject mass. Hence, the magnetic pressure in the pro-
posed model and in a case of a magnetically active core obeys
PB(rd) ≈ P∗(rd). This implies that the buoyant velocity
of the flux tubes is about the sound speed, as the waves. En-
ergy deposition can lead to envelope inflation (Mcley & Soker
2014).
We summarize this section by stating that under our as-
sumptions, a magnetically active pre-explosion core might
significantly perturb the envelope and lead to its expansion.
The rising time of the flux tubes in case of a powerful dy-
namo in the core is only slightly longer than the propagation
time of waves from the core to the outer envelope. The motion
of the flux tubes and the volume they occupied increases the
pressure in the envelope. Dissipation of magnetic energy, e.g.,
by reconnection, will increase the thermal pressure. The in-
crease in pressure, both directly from the flux tubes and from
thermal energy will cause the star to expand. As previously
discussed, the expansion will lead to enhanced mass loss rate
as well as to a possible interaction with a binary companion.
5. SUMMARY
We addressed the still open question of the reasons for the
occurrence of PEOs in about one in ten CCSNe. The burn-
ing shells have phases with very high convective luminosity,
starting with the carbon burning shells tens of years before
explosion, and ending with the silicon burning shell. Figures
3 and 4 emphasize the burning shells of carbon, neon, and
oxygen. If the strong convection is coupled with sufficiently
rapid core rotation (section 3), strong magnetic activity might
take place (section 2). We speculated that such an activity
can result in magnetic flux tubes that rise to the envelope,
much as is the case in the sun, and more so in magnetically
active main sequence stars. The magnetic energy deposited
in the outer envelope (section 4) might lead to effects sim-
ilar to those proposed for waves exited by core convection
(Quataert & Shiode 2012; Shiode & Quataert 2014).
The main effect of the energy deposition to the envelope
is likely to be envelope expansion (Mcley & Soker 2014) and
enhanced mass loss rate. The enhanced mass loss rate will
play a role during carbon shell burning that lasts relatively for
a long time (tens of years in not too-massive stars). More vi-
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FIG. 3.— Properties of the convective zones at five evolutionary phases for the stellar model with a ZAMS mass of MZAMS = 15M⊙. At each phase two times
are compared. From top to bottom: Carbon shell burning, neon core burning, neon shell burning, oxygen core burning, and oxygen shell burning (carbon burning
and neon burning occur simultaneously in shells, and we define these evolutionary stages according to the preceding core burning). The presented quantities are,
from left to right, convective luminosity (eq. 1), convective velocity, and convective Mach number. The time prior to the core-collapse is indicated for the two
times in the left-most panel of each row. The stellar mass, radius, luminosity, and effective temperature are given in the right-most panel of each row for the later
of the two times. The region shown extends from r = 107.5 cm to r = 1010.5 cm.
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FIG. 4.— Like Fig. 3 but for a star with MZAMS = 25M⊙.
7olent processes will take place if a close binary companion
accretes mass from the expanding envelope. The accretion
process onto the secondary star releases more energy. In par-
ticular the secondary star might launch jets.
Harpaz & Soker (2009) suggested a scenario of a magnetic
activity, but in the envelope rather than in the core, for the
1837-1856 Great Eruption of the LBV η Carinae. Most likely,
the secondary star in η Carinae accreted mass and launched
two jets that shaped the bipolar nebula, the Homunculus,
around η Carinae (Kashi & Soker 2010). The speculative sce-
nario we have proposed makes a connection between PEOs
and major eruptions of LBV.
The requirement for some minimum rotation velocity (sec-
tion 3) for a strong dynamo activity and the stochastic nature
of magnetic activity, account for the rare occurrence of PEOs
in the proposed scenario.
As the core eventually collapses, strong magnetic fields
might influence the explosion mechanism. The core rota-
tion and strong magnetic fields will be amplified in the gas
around the newly born neutron star. Rapid rotation and mag-
netic fields are thought to facilitate the formation of jets
around compact objects. Such jets might explode the star
(Papish & Soker 2011; Gilkis & Soker 2014), and might even
lead to a very energetic CCSN (Gilkis et al. 2016).
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